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abStract

The origins of two European Polystichum species, tetraploids P. aculeatum and
P. braunii, have been investigated through experimental hybridization with other
Polystichum species from Europe and North America, and an attempt made to
re-synthesize P. aculeatum from its putative diploid parents, P. lonchitis and
P. setiferum. The results of the hybridization programme were unexpected.
Hybrids between parents which were thought to be unrelated proved easy to
synthesize, and showed bivalent formation at meiosis, and chromosome pairing
occurred in all hybrids examined. The degree of pairing appeared to be similar
regardless of the level of ploidy. This interesting phenomenon has still not been
found to occur in any other fern genus and appears to be characteristic of
Polystichum. 

introduction

In the early nineteen-sixties a hybridization programme was set up in Leeds with the
purpose of investigating the mode of origin and relationships of the two tetraploid
European species of Polystichum, P. aculeatum (L.) Roth and P. braunii (Spenn.) Fée. In
order to study the origin and relationships of a given tetraploid it is necessary first to
establish whether the plant under investigation is auto- or allopolyploid, and this can
most easily be done by producing wide hybrids between the tetraploid in question and
species believed on morphological grounds to be unrelated to it. A longer-term aim of the
project was also to synthesize P. aculeatum from its putative parents, the diploid species
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P. lonchitis L. and P. setiferum (Forssk.) Woynar. Crosses were attempted in all
combinations between these four taxa, and material from elsewhere was included in the
hybridization programme as and when it became available. In particular, two North
American diploid species, P. acrostichoides (Michx.) Schott and P. munitum (Kaulf.)
C.Presl were successfully incorporated.

The results of the hybridization programme were unexpected. Some hybrids between
parents which, for both geographical and morphological reasons, were thought to be
unrelated, proved easy to synthesize, and showed bivalent formation at meiosis. However,
as further data accumulated, it soon became clear that some chromosome pairing
occurred in all hybrids examined, and that the degree of pairing appeared to be similar
regardless of the level of ploidy. This interesting phenomenon has still not been found to
occur in any other fern genus and appears to be characteristic of Polystichum. Since the
work to be described falls naturally into two parts, the original observations are first
presented in the context of subsequent investigations and the significance of the
chromosome pairing patterns found are discussed in relation to recent research in this and
other genera. The second part of the original project, namely the attempted synthesis of
P. aculeatum, follows the account of chromosome pairing behaviour.

MateriaL and MetHodS

The provenance of all material used in the hybridization programme is listed in the
Appendix. Voucher specimens are deposited at the Natural History Museum, London
(BM). Spores were sown, prothallial cultures raised and crosses made according to the
general technique developed at Leeds and described in detail by Lovis (1968a).
Horticultural methods of especial relevance to Polystichum are described by Sleep
(1966). Although putative hybrids could be recognised at an early stage by the
intermediacy of their morphology, it was often four to five years, or longer, before hybrid
plants became fertile and sporangia could be taken for cytological investigation. Young
sporangia were fixed in a 1:3 solution of glacial acetic acid: absolute alcohol and were
stored in a freezer at a temperature of -15°C until examination. Cytological squash
preparations of meiosis, stained in acetocarmine, were made according to the technique
of Manton (1950). Preparations were made permanent after the method of McClintock
(1929). Drawings of suitable cells were made immediately, and were supplemented by
photographs taken on a Reichert Biozet microscope using bright-field illumination. The
photographic techniques employed in the production of chromosome diagrams and frond
silhouettes are described in detail by Manton (1950).

reSuLtS

the hybridization programme 

The complete data relating to the hybridization programme are assembled in Table 1.
Wherever possible crosses were attempted in both directions, in all cases the female
parent is listed first. Prothallial cultures originating from as many different spore sources
as possible were used in the attempted crosses (see column 2). Details of the localities
of origin of all material used are listed in the Appendix.

Of the fifteen combinations theoretically obtainable from the basic hybridization
programme incorporating the six species described above, eleven were successfully
synthesized. Two crosses, namely P. braunii × P. lonchitis and P. braunii × P. setiferum,
which, despite repeated attempts (756 and 592 inseminations respectively) failed to
produce hybrids, are fortunately represented by naturally occurring counterparts, the wild
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hybrids P. × meyeri Sleep & Reichst. (Sleep & Reichstein, 1967) and P. × wirtgenii Hahne
(Manton & Reichstein, 1961). The other two hybrids not synthesized in the course of
this programme both involve P. munitum. In view of the general ease with which both
North American diploids (P. munitum and P. acrostichoides) were incorporated into
synthetic hybrids (as well as the occurrence in the USA of wild hybrids involving
P. munitum (W.H. Wagner, 1963; 1973; D. Wagner, 1979) it is rather surprising that the
two combinations P. lonchitis × P. munitum and P. setiferum × P. munitum could not be
obtained. Comparable numbers of inseminations were made as in the diploid – diploid
cross P. setiferum × P. acrostichoides, which yielded nine hybrids from 75 inseminations.

Some crosses appear to work better in one direction than in another, although it should
be borne in mind that, in view of the technical difficulty in arranging to have appropriate
material available at the right stage for crossing at a particular time, in some cases many
more prothalli were inseminated using one particular parent as the female. There is some
indication that the tetraploids seem to cross more easily when used as the female parent,
and it may be easier for the smaller spermatozoid of a diploid species to enter an
archegonium of a tetraploid species.

the cytological results

The preliminary results listed in Table 1 reveal two different patterns of chromosome
pairing behaviour. Two triploid hybrid combinations showed a number of bivalents that
approximated closely to the base number of 41; although a preponderance of univalents
was recorded in all the other hybrids, there was not one single example completely
without bivalents. The literature was searched in order to discover whether further
examples of this unexpected behaviour could be found. Species of Polystichum hybridize
easily, in nature as well as in the laboratory; wild hybrids between the four European
native Polystichum species are known and have been examined cytologically (Manton &
Reichstein, 1961; Sleep, 1966; Vida, 1966; Sleep & Reichstein, 1967). Wild hybrids from
North America (W. H. Wagner, 1963; 1973; D. Wagner, 1979) and Japan (Daigobo, 1974)
have similarly been investigated. The North American examples show precisely the same
two pairing patterns that were demonstrated by the hybridization programme; the
Japanese hybrids, on the other hand, show a totally different pattern of behaviour, which
will be presented separately (Table 3). Detailed cytological analyses from the synthetic
hybrids listed in Table 1 are set out in Table 2, with data recorded from wild hybrids
from both Europe and North America also included. Where known, the full range of
pairing is given (e.g. 9-18 bivalents per cell). The figure underlined is the mean of a
varying number of analyses. Where a single figure is given it usually represents a single
analysis (obtained, perhaps, before a delicate plant died), although it can also represent
a literature citation of one particular analysis given where other cells were observed to
give pairing of a similar order. The suggested genome representation (column 2) is in
most cases based on the initial letter of the species involved; in the case of the North
American Polystichums the scheme of Wagner (1973) is followed for the sake of
consistency and ease of cross-reference to his work.

There is a further source of information concerning chromosome pairing behaviour
in Polystichum, and this is the cytological investigation by Daigobo (1974) of a series of
triploid and tetraploid wild hybrids from Japan. In Japan all the large bipinnate species
of Polystichum (i.e. those resembling P. setiferum and numbering no less than 14 distinct
species) are classified together in the section Metapolystichum Tagawa (Daigobo, 1972).
There occur also seven simply pinnate taxa (Tagawa, 1940; 1959; Daigobo, 1972;
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Cytology (preliminary
analysis)

dipLoid HYbridS

♀ P. setiferum (2x)
× P. lonchitis (2x)

♀ P. lonchitis (2x)
× P. setiferum (2x)

3
3

8
4

95

878

3

112

3

17

0

55

0

40

-

4.55
%

-

Many univalents
(c.50) few abnormal

bivalents

♀ P. lonchitis (2x)
× P. acrostichoides (2x)

5
2

175 7 5 1 1 0.57
%

c. 25 irregular paired
chromosomes

♀ P. lonchitis (2x)
× P. munitum (2x)

♀ P. munitum (2x)
× P. lonchitis (2x)

2
1

1
1

75

16

2

1

2

1

0

0

0

0

-

-

-

-

♀ P. setiferum (2x)
× P. acrostichoides (2x)

♀ P.acrostichoides (2x)
× P. setiferum (2x)

3
2

1
1

75

10

14

0

3

0

2

0

9

0

12.0
%

-

Many univalent plus
a few abnormal pairs

-

♀ P. setiferum (2x)
× P. munitum (2x)

♀ P. munitum (2x)
× P. setiferum (2x)

2
1

1
2

55

24

4

0

4

0

0

0

0

0

-

-

-

-

♀ P.acrostichoides (2x)
× P. munitum (2x)

♀ P. munitum (2x)
× P. acrostichoides (2x)

2
2

2
2

106

120

7

3

3

2

1

1

3

0

2.83
%

-

16 bivalents and
many univalents

-

tripLoid HYbridS

♀ P. aculeatum (4x)
× P. lonchitis (2x)

♀ P. lonchitis (2x)
× P. aculeatum (4x)

4
5

2
1

126

55

17

10

13

1

0

2

4

7

3.17
%

12.7
3%

40-41 paired
chromosomes and

c.41 univalents

table 1: Result of Hybridization Programme
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♀ P. aculeatum (4x)
× P. setiferum (2x)

♀ P. setiferum (2x)
× P. aculeatum (4x)

2
4

2
3

135

58

52

0

0

0

0

0

52

0

38.52
%

-

39-41 paired
chromosomes and
41-45 univalents

-

♀ P. aculeatum (4x)
× P. acrostichoides (2x)

♀ P. aculeatum (4x)
× P. munitum (2x)

3
2

3
1

63

148

30

54

4

7

4

5

22

42

34.92
%

28.38
%

Many univalents
(c.100) few abnormal

pairs
Many univalents; a

small number of
bivalents also present

♀ P. braunii (4x)
× P. lonchitis (2x)

♀ P. lonchitis (2x)
× P. braunii (4x)

6
8

4
4

561

195

38

19

22

16

16

3

0

0

-

-

-

-

♀ P. braunii (4x)
× P. setiferum (2x)

♀ P. setiferum (2x)
× P. braunii (4x)

8
5

2
4

490

102

29

1

16

1

13

0

0

0

-

-

-

-

♀ P. braunii (4x)
× P. acrostichoides (2x)

♀ P. acrostichoides (2x)
× P. braunii (4x)

7
1

1
1

224

6

21

0

7

0

8

0

6

0

2.68
%

-

Some hybrids proved
to be 4x not 3x as

expected
-

♀ P. braunii (4x)
× P. munitum (2x)

♀ P. munitum (2x)
× P. braunii (4x)

5
2

1
1

244

16

35

0

13

0

9

0

13

0

5.33
%

-

Many univalents and
some irregular pairs.

-

tetrapLoid HYbrid

♀ P. braunii (4x)
× P. aculeatum (4x)

♀ P. aculeatum (4x)
× P. braunii (4x)

3
2

2
3

58

88

6

6

3

6

2

0

1

0

1.72
%

-

Many univalents;
c.10-20 abnormal

pairs.

-

table 1: continued
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cross
Suggested genome

representation
Synthetic or wild

range of pairing and

mean (underlined)
reported by

Diploid hybrids:

P. lonchitis (2x) × P. setiferum (2x)

P . ×lonchitiforme Halacsy 

= P. lonchitis × P. setiferum (2x)

P . × lonchitiforme Halacsy

= P. lonchitis × P. setiferum (2x)

P. lonchitis (2x) × P. acrostichoides (2x)

P. setiferum (2x) × P. acrostichoides (2x) 

P. acrostichoides (2x) × P. munitum (2x) 

P. munitum (2x) × P. imbricans (2x)

P. dudleyi (2x) × P. munitum (2x)

P. mohrioides (2x) × P. munitum (2x) 

P. speciosissimum (A.Braun ex Kunze) Copel. (2x) ×
P. muricatum (L.) Fée (2x)

SL

SL

SL

LA

SA

AR

RI

DR

MR

Synthetic

Wild (Ireland)

Wild (Hungary)

Synthetic

Synthetic

Synthetic

Wild (USA)

Wild (USA)

Wild (USA)

Wild (Costa Rica)

6 – 15 - 28

c. 18

c. 21

25

9 – 13 – 18

16

3-11

19 – 26 – 33

2 – 24 – 30

10

Sleep, 1966

Sleep, unpublished

Vida & Pinter, 1981

Sleep, 1966 pp. 182, 189, 241

Sleep, 1966 pp. 183,188, 242

Sleep, 1966 

D.H. Wagner, 1979

W.H. Wagner, 1973

W.H. Wagner, 1973

Barrington, 1985

table 2. Bivalent formation in Polystichum hybrids from Europe and North America
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Triploid hybrids:

P. aculeatum (4x) × P. munitum (2x)

P. aculeatum (4x) × P. acrostichoides (2x)

P. × meyeri Sleep & Reichst.
= P. lonchitis (2x) × P. braunii (4x)

P. × wirtgenii Hahne 
= P. setiferum (2x) × P. braunii (4x)

P. × wirtgenii Hahne 
= P. setiferum (2x) × P. braunii (4x)

P. braunii (4x) × P. acrostichoides (2x)

P. × potteri Barrington
= P. braunii (4x) × P. acrostichoides (2x)

P. × hokurikuense Sa.Kurata
= P. longifrons (4x)× P. retrosopaleaceum (2x)

SLR

SLA

LXY

SXY

SXY

XYA

XYA

Synthetic

Synthetic

Wild

Wild

Wild

Synthetic

Wild

Wild

19 – 20 – 22

9 – 14 – 18

6 - 15 – 24

12

12 – 14 – 17

18 – 22 – 26

21 - 22

Sleep, 1966 pp. 184, 193, 244

Sleep, 1966 pp. 192, 244

Sleep & Reichstein 1967

Manton & Reichstein, 1961

Sleep, 1966 p. 196

Sleep, 1966

Barrington, 1986

Daigobo, 1974

Tetraploid hybrids:

P. × luerssenii (Dörfl.) Hahne
= P. aculeatum (4x) × P. braunii (4x)

P. ×luerssenii (Dörfl.) Hahne
= P. aculeatum (4x) × P. braunii (4x)

P. aculeatum (4x) × P. braunii (4x)

SLXY

SLXY

SLXY

Wild

Wild

Synthetic

9

10 – 13 - 18

10 - 20

Manton & Reichstein, 1961

Sleep, 1966 p. 194

Sleep, 1966 pp. 186, 245

Pentaploid hybrid:

P. setiferum (2x) × P. falcinellum (8x) Wild 18 - 32 Lovis in Manton et al. 1986

table 2. continued



Nakaike, 1975), six of which are known to be diploid (Kurita, 1967; Mitui, 1966; 1967b;
Diagobo, 1973); these are rare species of rocky habitats and they do not appear to cross,
either with each other or with any of the bipinnate Polystichum species. Of the bipinnate
species belonging to the section Metapolystichum only five are diploid (Kurita, 1966a;
Mitui, 1965; 1968; Sleep, 1966; Diagobo, 1973); these appear to be isolated from each
other both ecologically and geographically as hybrids between them are unknown. 
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Triploid hybrids
Range of
bivalent

formation 

P. × amboversum Sa.Kurata
= P. retrosopaleaceum (Kodama) Tagawa (2x) × P. ovatopaleaceum

(Kodama) Sa.Kurata (4x)

P. × hitoyoshienese Sa.Kurata
= P. otomasui Sa.Kurata (2x) × P. pseudomakinoi Tagawa (4x)

P. × hokurikuense Sa.Kurata
= P. retrosopaleaceum (2x) × P. longifrons Sa.Kurata (4x) 

P. × inadae Sa.Kurata
= P. retrosopaleaceum (2x) × P. polyblepharum (Roem. ex Kunze)
C.Presl (4x)

P. × jitaroi Sa.Kurata
= P. fibrillosopaleaceum (Kodama) Tagawa (2x) × P. pseudomakinoi (4x)

P. × kumamontanum Sa.Kurata
= P. otomasui (2x) × P. polyblepharum (4x)

P. × miuranum Sa.Kurata
= P. fibrillosopaleaceum (2x) × P. polyblepharum (4x)

P. × ohtanii Sa.Kurata
= P. fibrillosopaleaceum (2x) × P. longifrons (4x)

P. × shintashiroi Sa.Kurata
= P. retrosopaleaceum (2x) × P. microchlamys (Christ) Matsumura (4x)

P. × suginoi Sa.Kurata
= P. otomasui (2x) × P. tagawanum Sa.Kurata (4x)

P. × utsumii (Sa.Kurata) Sa.Kurata
= P. retrosopaleaceum (2x) × P. pseudomakinoi (4x)

40 – 41

40 – 41

21 – 22

45

30 – 31

38 – 39

40 – 41

35 – 38

32

32 – 42

24 – 32

table 3. Chromosome pairing in Japanese wild hybrids (adapted from Daigobo, 1974)



Although no diploid hybrids have been recorded from Japan1, hybridization does
nevertheless occur between at least three of these bipinnate diploids and the tetraploid
bipinnate species assigned to Metapolystichum. Indeed, within this group hybridization
is rife, with no less than 25 hybrids having been described by Kurata (1964). Of these,
19 have been examined cytologically by Daigobo; the bivalent formation recorded by him
in 11 triploid and eight tetraploid hybrids is presented in Table 3.

chromosome pairing behaviour: interpretation and discussion

An examination of the results set out in Table 2 clearly reinforce the two distinct patterns
of chromosome pairing behaviour already discernible from the preliminary analyses from
synthetic hybrids that were listed in Table 1. Six hybrid combinations in which the
bivalent formation approximates to 41 exhibit the well-known and familiar pattern of
‘n’ paired and ‘n’ single chromosomes (‘n’ being the base number of the genus in
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Tetraploid hybrids
Range of
bivalent

formation 

P. × hakonense Sa.Kurata
= P. longifrons (4x) × P. pseudomakinoi (4x)

P. × izuense Sa.Kurata
= P. makinoi (4x) × P. tagawanum (4x)

P. × kiyozumianum Sa.Kurata
= P. pseudomakinoi (4x) × P. tagawanum (4x)

P. × kunioi Sa.Kurata
= P. braunii (4x) × P. makinoi (4x)

P. × kurokawae Sa.Kurata
= P. makinoi (4x) × P. ovatopaleaceum ( 4x)

P. × mashikoi Sa.Kurata
= P. polyblepharum (4x) × P. tagawanum (4x)

P. × ongataense Sa.Kurata
= P. ovatopaleaceum ( 4x) × P. pseudomakinoi (4x)

P. × namegatae Sa.Kurata
= P. makinoi (4x) × P. pseudomakinoi (4x)

52

63

56

47

50 – 59

51 – 52

50

50 - 55

table 3. continued

1 Recently the difficulty in recognising diploid Polystichum hybrids from Japan has been
described by Lin et al. (2011)



question) that has been recorded in triploid hybrids in many different fern genera.
Although it should always be borne in mind that a triploid hybrid between an
autotetraploid and any diploid species unrelated to it can also show ‘n’ paired and ‘n’
single chromosomes (Lovis, 1977; Sleep, 1980; 1983), this pairing pattern, particularly
when supported by morphological evidence, provides a very reliable indication of a part-
parental relationship between an allotetraploid species and one of its diploid progenitors.
That the two triploid hybrids, P. aculeatum × P. lonchitis and P. aculeatum × P. setiferum,
should regularly show c.41 paired and 41 single chromosomes at meiosis in both wild and
synthetic examples is not therefore unexpected in view of the morphological
intermediacy of P. aculeatum between P. lonchitis and P. setiferum, and the hypothesis
of Manton (1950) that each of these two diploids is part-parental to P. aculeatum. No
less than four North American triploid hybrids P. californicum (D.C.Eaton) Diels ×
P. dudleyi Maxon, P. californicum × P. munitum, P scopulinum (D.C.Eaton) Maxon ×
P. mohrioides (Bory ex Willd.) C.Presl and P. scopulinum × P. munitum, also show the
pattern of ‘n’ paired and ‘n’ unpaired chromosomes already observed in the back-cross
hybrids between P. aculeatum and its putative ancestors. The results from these North
American wild hybrids have already been interpreted (Wagner, 1963; 1973) as indicating
a part-parental relationship between the two tetraploids in question and their respective
diploid progenitors. There can be no doubt that this interpretation is correct in view, in
each case, of the existence in the field, alongside the tetraploid and the back-cross
hybrids, of the sterile diploid hybrid which is morphogically indistinguishable from the
tetraploid. 

It is also interesting to note that both the North American wild diploid hybrids,
P. dudleyi × P. munitum (sterile P. californicum of Wagner) and P. mohrioides ×
P. munitum (sterile P. scopulinum of Wagner) show some degree of bivalent formation
and exactly parallel the behaviour observed in the diploid hybrids (wild and synthetic)
between P. lonchitis and P. setiferum, although in both instances the North American
diploid hybrids show a slightly higher range of bivalent formation than does P. lonchitis

× P. setiferum.
That any chromosome pairing at all occurs in these two crosses and in the remainder

of the wide hybrid combinations listed in Table 2 is surprising, especially in view of the
gross morphological differences between P. setiferum and the other diploid species, and
the fact that the two simply pinnate North American diploids would not be expected to
have any close affinity with either of the European tetraploids, P. aculeatum and
P. braunii. Nevertheless, the most striking feature of the results assembled in Table 2 is
that in none of the wide hybrid combinations listed is there a single instance of the
complete failure of chromosome pairing which has frequently been observed in hybrids
between unrelated species in other fern genera. In the diploid hybrids, out of a possible
maximum of 41, the range of bivalent formation is from 6 (exceptionally 3, in one case)
to 33, with a mean value falling between 15 and 25. Surprisingly, the range of pairing is
seemingly independent of the level of ploidy, being of a similar order in diploid, triploid
and tetraploid hybrids.

Firstly we may ask if this chromosome pairing, observed so widely in hybrids
between presumably unrelated species, is true bivalent formation or some sort of false
association as a result of some physiological or chemical disturbance. A mutant of
Ceratopteris with ‘sticky’ chromosomes has been described (Hickock, 1977), but his
report deals with a single apogamously derived sporophyte from a triploid hybrid and
does not appear to be relevant to the situation observed in Polystichum. The latter genus
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does certainly have some tendency towards ‘stickiness’ in its chromosomes and it is quite
difficult to obtain cells from Polystichum in which the chromosomes are clear, well
squashed and well spread. Although some of the wide hybrids show very loosely
associated pairs and, in metaphase figures, straggling and uncoiling bivalents, others
show the typical cross- and ring-shaped bivalents having either one or two chiasmata
and these are indistinguishable from similar associations seen in the regular meioses of
all Polystichum species (see, for example, figures in Wagner (1973), Vida (1966), and
Barrington (1986). It is thus concluded that the associations observed do represent true
chromosome pairings with both chiasmata formation, and presumably recombination,
occurring.

A small amount of pairing between supposedly unrelated genomes might be explained
in terms of structural alterations or interchanges of chromosomal segments over a period
of time, but the phenomenon appears to be of such general occurrence throughout the
genus that this possibility is extremely unlikely. Furthermore, the fact that homologous
chromosomes pair completely in the several examples of back-cross hybrids listed in
Table II shows that in the three tetraploids discussed there has been little differentiation
or structural change between their genomes and those of their respective parental
diploids. With the exception of the back-cross hybrids showing c.41 bivalents, the
chromosome pairing which has been observed in all the rest of the hybrids listed in Table
2 is more satisfactorily interpreted as pairing between homoeologous (meaning similar,
but not identical) chromosomes (Huskins, 1931). Presumably all the present-day diploids
have evolved from a common ancestor by a process of evolutionary divergence. In
Polystichum such evolution appears to have produced a large number of diploid species
of distinctive morphology which are isolated from one another both geographically and
ecologically, but not cytologically. That there should still be some residual homology
between the chromosomes of such strikingly morphologically different diploid species
as P. lonchitis and P. setiferum, or P. dudleyi and P. munitum, is surprising. That
cytological and morphological differentiation need not necessarily proceed at the same
rate has, however, been pointed out by Stebbins (1972), and certainly in Polystichum

differentiation at the cytological level does not seem to have kept pace with
morphological divergence, since the diploid species so far tested all seem to have retained
some degree of cytological homology and are thus able to produce bivalents when they
are brought together in hybrids.

When the observations assembled in Table 2 are examined in closer detail, we see that
the results from the diploid hybrids show that the genome A (in P. acrostichoides) has a
partial homology, not only with R, but with L and S also. We know too that S has some
homology with L as well as with A. Similar homologies can be inferred from the
chromosomes pairing observed in the triploid hybrids. Of these, P. aculeatum ×
P. acrostichoides is the most interesting example. Its genomic constitution may be
represented by the letters SLA. From the evidence supplied by the synthetic diploid
hybrids we know that all three of its constituent genomes show residual homologies with
each of the other two, and are capable of pairing, at least in part, with one another. One
might therefore expect to see some trivalents formed between the homoeologous
chromosomes of the S, L and A genomes. In fact, the same range of bivalent formation
as in the diploid hybrids is observed, and there is no sign of multivalent associations.
This result can perhaps best be explained on the basis of preferential pairing and the fact
that bivalents are a more stable configuration than trivalents. Once bivalent associations
have been formed and some sort of equilibrium reached, the remaining chromosomes,
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even those having homologous segments with chromosomes already involved in bivalent
association, will appear as univalents.

Consideration of the tetraploid hybrid, P. aculeatum × P. braunii, shows that in this
hybrid too the range of bivalent formation is similar to that recorded from the diploid and
triploid hybrids, although because of its tetraploid level a higher number (c.120-140) of
univalent chromosomes is also present. From the evidence of the triploid hybrids
involving P. braunii, two interpretations are possible, (i) that P. braunii is an ancient
tetraploid whose constituent genomes, designated X and Y, have diverged over a very
long period of time so that there now remains only the very weak homology between
them. This would be sufficient to produce the very irregular bivalents observed in hybrids
between P. braunii and other, morphologically unrelated, taxa. But, on this view, since
hybrids between P. lonchitis and P. setiferum are known to be potentially capable of
forming up to 28 pairs, a higher number of bivalents than the observed maximum of 20
would be expected in the hybrid P. aculeatum × P. braunii. On the other hand, (ii) the
behaviour of P. braunii in triploid hybrids so closely resembles that already observed in
the parallel series of combinations with P. aculeatum that it seems likely that in each
case the underlying cause is the same. If this is so, it follows that in the hybrid
P. aculeatum × P. braunii the same chromosomes in each of its four constituent genomes
retain a homology with each other and that part of the S genome is potentially capable
of pairing with its counterparts in each of the L, X and Y genomes.

In this case, multivalent associations would be expected. That they do not occur can
be explained in either genetic or physical terms. It is possible that some genetic system
is operating which suppresses or inhibits the formation of multivalent associations.
Alternatively, it may be that the chromosomes are too small to allow the regular formation
of tri- and quadrivalents. In the fern genus Asplenium the chromosomes are similarly
small in size and, as in Polystichum, bivalents having one or two chiasmata are the rule.
In Asplenium, however, multivalents are regularly formed when duplicated genomes are
present, as in back-cross hybrids between autotetraploids and their putative progenitors
(Lovis, Sleep & Reichstein 1969; Sleep, 1980), and it therefore seems unlikely that the
lack of multivalents in Polystichum has a physical cause. Even if multivalent formation
is suppressed genetically, a higher number of bivalents would, on the basis of the
homologies which can be postulated to exist, still be expected. The reason why a higher
number is not realised is not at all clear.

Similar behaviour is recorded also from a wild pentaploid hybrid, P. setiferum ×
P. falcinellum (Lovis in Manton et al., 1986) from the island of Madeira. Polystichum

falcinellum, a simply pinnate species superficially rather similar to P. munitum, and
endemic to Madeira, is octoploid (Manton, 1950). The wild hybrid with P. setiferum

shows a preponderance of univalents and 18-37 paired chromosomes, a range of bivalent
formation which closely parallels results from other hybrids listed in Table 2. The
bivalents are very irregular in shape and similar to those observed in hybrids involving
P. braunii. Weak homologies may be present either within the constituent genomes of
P. falcinellum or between one or more of the genomes of P. falcinellum and P. setiferum

and in either case a higher degree of bivalent formation, or the presence of multivalent
associations, might be expected. Although the potential for forming such associations
may be present but suppressed through the operation of some genetic mechanism as has
been postulated above with regard to the hybrid P. aculeatum × P. braunii, it is also
possible that in P. falcinellum, undoubtedly a species of great antiquity, its constituent
genomes have diverged so far that any residual homology between them has been lost.
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The occurrence of such widespread chromosome pairing in a large number of hybrids
between supposedly unrelated species, in particularly those at the diploid level, is a
phenomenon not previously encountered in the Pteridophyta. The only other fern genus
which has been investigated in comparable detail is Asplenium. In this genus there is in
Europe at the present time a large number of diploid species well differentiated from
each other both morphologically and cytologically, and when crossed together the diploid
hybrids invariably show complete failure of chromosome pairing. This behaviour has
been recorded in wild examples (Lovis, Melzer & Reichstein, 1965; Lovis & Reichstein,
1968a; 1968b; Vida & Reichstein, 1971; Lovis unpubl., quoted in Reichstein, 1981;
Badré et al., 1981) as well as in deliberately synthesized hybrids (Lovis, 1968b; Shivas,
1969; Lovis, 1970). There are also very many well documented examples of complete
failure of chromosome pairing in triploid hybrids between unrelated species in this genus
(see, for example, Lovis & Vida, 1969; Lovis et al., 1972; Sleep, 1983). Complete failure
of pairing in diploid hybrids has also been recorded from the following genera: Adiantum

(Manton, Ghatak & Sinha, 1967), Athyrium (Schneller & Rasbach, 1984), Cheilanthes

(Vida, Major & Reichstein, 1983) and Dryopteris (Manton & Walker, 1953; Wagner &
Hagenah, 1962; Gibby & Walker, 1977; Gibby et al., 1978). Similarly, triploid hybrids
in these genera show two broad patterns of chromosome pairing behaviour, namely, in
back-cross hybrids with a putative ancestor, the familiar pattern of ‘n’ paired with ‘n’
univalent chromosomes, and in crosses between supposedly unrelated species virtually
complete failure of chromosome pairing. There has as yet been no indication in any other
genus so far investigated of the widespread pairing between homoeologous chromosomes
which is so characteristics of Polystichum.

The contrast with Dryopteris is particularly apposite in view of the fact that both
Polystichum and Dryopteris share the same base number, namely 41, and so are
presumably related. In Dryopteris, 82 unpaired chromosomes have been reported from
at least five different diploid hybrids (see references above), although there is at least
one record in the literature of some bivalent formation between particular pairs of diploid
species. A good example of this behaviour is shown by the wild diploid hybrid, D. ×
initialis Fraser-Jenk. & Corley (Gibby in Fraser-Jenkins, 1976). Here some 5-23 pairs
(mean 14) are regularly recorded, and it is probable that in this case there is incomplete
differentiation between the genomes of D. oreades Fomin and D. caucasica (A.Braun)
Fraser-Jenk. & Corley, the two diploid species involved. However, such behaviour seems
to be limited to isolated examples, the broad trend tending to be, in the species so far
investigated, towards complete cytological differentiation at the diploid level. 

The present state of our knowledge thus suggests that the homoeologous pairing so
widely observed in Polystichum hybrids may well be a unique feature amongst the ferns;
further research in this and other genera is highly desirable. In the meantime, the
remarkably constant degree of homoeologous pairing between genetically differentiated
genomes at the diploid level in Polystichum has led Lovis (1977) to propose an
explanation in terms of some intrinsic property of the ancestral Polystichum genome. He
suggests that certain chromosomes or groups of chromosomes have, perhaps because the
particular combination of genes which they carry has some curiously felicitous advantage
to the genus as a whole, been conserved against extensive change in some way and have
actually been maintained in their original state by selection so that they are capable of
recognizing each other and forming bivalents when they are brought together in hybrids.

This is a plausible hypothesis, although the occurrence of a similar degree of pairing
in diploid, triploid, tetraploid and pentaploid hybrids still remains for which there is, as
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yet, no satisfactory explanation.
Consideration of the results from the Japanese hybrids shows an apparently very

different picture. As can be seen by reference to Table 3, the chromosome pairing
behaviour in the eleven triploid hybrids listed is very variable. It also very difficult to
interpret, as the pairing extends from one combination showing 21-22 bivalents, through
ranges of bivalent formation in the thirties, to some combinations in which the pairing
approximates to the monoploid number of 41. In the latter case it is tempting to suggest
that, as in the European and North American examples exhibiting the same pattern, this
represents pairing between the allotetraploid species and one of its ancestors, but I believe
that in these Japanese examples such an explanation is not the correct one. The section
Metapolystichum comprises at least two species-complexes, one based on the diploid,
P. retrosopaleaceum (Kodama) Tagawa, and another on P. fibrillosopaleaceum Tagawa.

In both these groups there are tetraploids that are morphologically very similar to the
diploids, and it is likely that autopolyploidy, such as has been demonstrated in some
European Asplenium species (Lovis, 1977; Sleep, 1983), has played a part in their
evolution. If this is the case, then some of the bivalent formation observed in the triploid
hybrids could well be due to autosyndesis. A closer examination of the numbers of
bivalents recorded from the tetraploid hybrids lends support for this view. In seven of the
eight combinations examined by Daigobo (1974), the numbers of bivalents are
remarkably constant, ranging from 50 to 63 per cell. The one possible exception, the
hybrid P. braunii × P. makinoi (listed as P. × kunioi Sa.Kurata), shows 47 bivalents, in
contrast with the 9-20 observed in the parallel European hybrid P. aculeatum × P. braunii.
It is likely that the number of 47 is made up of autosyndetic pairs within the two genomes
contributed by the makinoi parent, plus some homoeologous pairs arising from the
braunii parent. The amazingly similar level of bivalent formation observed in the
remainder of the wild tetraploid hybrids investigated by Daigobo (50-63 pairs) could be
due to autosyndesis within the constituent genomes contributed by each parent, plus
homoeologous pairing within the genomes of the other parent. Certainly the relationships
between the Japanese species of the Section Metapolystichum are complex, and their
inter-relationships can be elucidated only by a controlled programme of experimental
breeding and the production of ‘wide hybrids’ with species which are clearly unrelated.
Some evidence that duplicated genomes are in fact present is available from a close
examination of the chromosome photographs in Daigobo’s 1974 paper. Although he
states that ‘a few trivalent-like chromosomes were observed in three triploid hybrids’
but that the presence of multivalents ‘is not confirmed’, there do seem to be associations
which have the characteristic appearance of multivalents in some of the cells (both in
triploid and tetraploid hybrids) illustrated, and it is very likely that some do in fact occur.

Although Daigobo (1974) offers no explanation for his results, his observations are
relevant to this discussion for the two following reasons: firstly, they establish a third
pattern of chromosome pairing behaviour in Polystichum, a pattern which has not yet
been observed in any of the European or North American wild or synthetic hybrids so far
investigated there (see data assembled in Table 2). Only one hybrid, namely P. ×
hokurikuense Sa.Kurata (= P. longifrons Sa.Kurata x P. retrosopaleaceum), shows pairing
which approximates to that found by Sleep and others in hybrids between unrelated
species, and which can be interpreted as pairing between homoeologues. Secondly, there
appears to be a distinction between the consistent observation of c.50-60 bivalents in all
the tetraploid Japanese hybrids investigated and the small number (>20) of bivalents
regularly displayed in the European tetraploid hybrids between P. aculeatum and
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P. braunii. These contrasting observations may possibly be explained in terms of the
different origins of the tetraploids involved if, as suggested here, autopolypoidy has
indeed played a significant role in the evolution of the Japanese tetraploids.

the attempted synthesis of p. aculeatum

The diploid hybrid between P. lonchitis and P. setiferum proved, despite the disparity in
appearance of these two species, easy to synthesize, and 40 hybrid plants were obtained.
The cross worked better using P. lonchitis as the female parent, and success appeared to
be independent of the geographical origin of the material, parental stocks from
Switzerland, Scotland, Romania and North America all being successfully combined
with European P. setiferum. Attempts made to induce chromosome doubling in the young
sporangia of these diploid hybrids by treatment with colchicines solutions of varying
strengths (Sleep, 1966) were unsuccessful, but parallel experiments made by Reichstein
(unpublished) to raise an F2 generation directly by sowing the spores of the diploid
hybrid met, eventually, with more success. It took several years to obtain sporophytes
from the sowings of the diploid hybrids, and eventually some seven plants were raised
to maturity. One of these was examined cytologically by Vida (unpublished); the
chromosome number was found to be 2n =164 and it produced good spores. In most
cells meiosis was completely regular, with 82 bivalents; occasionally a few univalents
were observed. There was no sign either of multivalents or of the irregular associations
which are characteristic of the diploid hybrid. A wild diploid hybrid between P. lonchitis

and P. setiferum, P. × lonchitiforme (Halàcsy) Bech., which was found in Ireland in 1974
(Sleep, 1976; Vida & Pinter, 1981), showed similar pairing behaviour (Sleep & Souter,
Paloma Cubas pers. comm.) to that already recorded from the synthetic diploid hybrids
made by Sleep (1966). The wild Irish examples, in contrast to the rather weak and stunted
synthetic diploids, were large, robust plants, and a fine example of P. × lonchitiforme

was brought back from Ireland and established in cultivation at Leeds. Spores from this
diploid hybrid, although they appeared to be mainly abortive, germinated readily and
gave a good crop of prothalli which, on being flooded with water to encourage
self-fertilization, yielded numerous sporophytes. These, in contrast to the few sporelings
obtained with so much effort from the synthetic diploid hybrids, grew strongly, and more
than 30 specimens have been cultivated in the experimental garden of the Leeds
University Plant Sciences Department for many years. These F2 plants will all be
homozygous, and it is therefore not surprising that they are all closely similar in
appearance, each individual being a virtually identical replica of the single diploid hybrid
from which it arose. All of these plants have been examined cytologically (Sleep) and
shown to be tetraploid. Meiosis has been examined in many cells from each individual,
and observations made over a period of several years. Without exception each plant
shows a regular meiosis with 82 perfectly formed bivalents at the first divisions. The
spores are completely good. There is no sign even of the occasional univalents which
were observed in the F2 plant raised from the synthetic diploid hybrid. In view of the
perfectly regular meiosis found in these tetraploid F2 plants (which, considering their
origin from a P. lonchitis × P. setiferum hybrid, may be regarded as equivalent to
P. aculeatum) it would be of interest to discover if the two genomes in a haploid plant of
P. aculeatum would pair together. Such haploids have been produced in Dryopteris

dilatata (Hoffm.) A.Gray and in D. filix-mas (L.) Schott (Manton & Walker, 1954) as well
as in Asplenium (Bouharmont, 1972a,b) although, as pointed out by Lovis (1977), the
potential use of such haploids is limited, since they appear to be a less reliable indicator
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of maximum pairing than are wide hybrids. Attempts were made to produce haploid
plants of both P. aculeatum and P. braunii. Water was withheld from gametophytes of
both these species in an endeavour to induce apogamous outgrowths, and with the same
object in mind prothalli were grown on a nutrient medium rich in sucrose (Whittier &
Steeves, 1960). The successful induction of apogamous plants from gametophytes of
P. aculeatum and P. braunii has, unfortunately, yet to be achieved.

Wagner’s work on the Polystichum species of the western United States (1973) may
usefully be compared with the discovery of P. × lonchitiforme in Ireland and the
subsequent raising of a fertile tetraploid generation from this hybrid. Wagner suggested
that in North America no less than three putative allotetraploids, P. californicum,
P. scopulinum and P. kruckebergii, had all arisen as a result of hybridization between
distinct diploid parents, followed by chromosomes doubling. In the case of the first two
examples, sterile diploid hybrids were actually found in the field alongside their fertile
tetraploid derivatives. The first, P. californicum, is a tetraploid species derived from the
cross P. munitum × P. dudleyi (the latter being a very rare coastal Californian endemic,
bipinnate and superficially rather similar to P. setiferum). There are several localities
known where P. munitum, P. dudleyi and P. californicum grow together, mixed with
sterile diploid hybrids, that are indistinguishable morphologically from tetraploid
P. californicum except by the possession of abortive spores, and the two triploid
back-cross hybrids, P. munitum × P. californicum and P. dudleyi × P. californicum. Both
these latter hybrids show 41 paired and 41 single chromosomes at meiosis, and may thus
be compared directly with P. × illyricum (Borbàs) Hahne and P. × bicknellii (Christ)
Hahne, the two European back-cross hybrids involving P. aculeatum and showing exactly
comparable behaviour. A similar example is the case of P. scopulinum which has been
shown to be derived from a cross between P. munitum and yet another rare diploid in
North America, the amphitropical P. mohrioides. Yet again a locality was discovered
where fertile tetraploids of P. scopulinum existed together with sterile diploid hybrids
morphologically indistinguishable from them, and with two back-cross triploid hybrids,
P. scopulinum × munitum and P. scopulinum × P. mohrioides, both of which showed 41
paired and 41 single chromosomes at meiosis. A further North American example
(D. Wagner, 1979) involves, not a tetraploid, but the hexaploid, P. setigerum (C.Presl)
C.Presl, which shows a perfectly regular meiosis with 123 bivalents. David Wagner
suggests this hexaploid arose by chromosome doubling from the triploid hybrid,
P. braunii × P. munitum, although in this case the spectacular microcosm of evolution in
action, described by W.H. Wagner (1973) with regard to P. californicum and
P. scopulinum, is lacking, as neither of the back-cross hybrids, nor the suggested
progenitor, the triploid hybrid P. braunii × P. munitum, have yet been discovered. The last
combination has been synthesized by Sleep (1966) (see Table 2), and it shows a disturbed
meiosis with 13 to 28 irregular bivalents. However, that the irregular meiosis observed
widely in diploid and triploid hybrids in Polystichum is in no way a barrier to the
successful nature is shown by W.H. Wagner’s discovery of the occurrence of two
examples of apparently newly formed fertile allotetraploid species occurring in the wild
side by side with morphologically indistinguishable diploid hybrids.

Lovis (1977) has suggested, however, that the tetraploid individuals encountered in
the localities described by Wagner (1973) may not be even of relatively recent origin. He
assumes that, because of the association of homoeologous chromosomes in the diploid
progenitor, newly formed tetraploids will display some degree of meiotic instability, and
indeed this appears to be the case in many examples of recently formed auto- and
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allopolyploids in flowering plants (Stebbins, 1972). However, the evidence supplied by
the F2 generation raised from the wild diploid hybrid P. × lonchitiforme contradicts this
view. The F2 generation shows a perfectly regular meiosis with 82 bivalents, and this is
achieved in the course of one generation. Fertility is immediately achieved and does not
seem to require the stabilizing effect of generations of selection. If a similar situation
pertains in the North American examples, P. californicum and P. scopulinum may indeed
prove to be of relatively recent origin, a suggestion which is supported by the restricted
distributions of these two ferns. The distribution of P. aculeatum on the other hand,
suggests that it is a much older species which has had time to establish itself firmly over
most of Europe.

Genetic factors affecting chromosome pairing have been demonstrated to exist in the
more intensively studied crop plants, such as hexaploid wheat (Riley & Chapman, 1958;
Riley, Chapman & Kimber, 1959; Chapman & Riley, 1970). Indeed, in wheat, by a very
elegant series of hybridization experiments, the specific control mechanism has been
shown to occur on the long arm of chromosome 5B. The genetic control of chromosome
pairing was comprehensively reviewed by Riley & Law (1965), and further illuminated
by Dover & Riley (1972) and Riley (1974). The existence of some genetic mechanism
controlling chromosome pairing behaviour in ferns has been postulated by several authors
(for example, Braithwaite, 1964a; 1986; Sleep, 1966; Sinha & Manton, 1970,
Bouharmont, 1977; Lovis, 1977) but has not as yet been directly demonstrated
experimentally. In Polystichum the tetraploid F2 plants equivalent to P. aculeatum and
raised by sowing the spores from wild diploid hybrid, P. × lonchitiforme were
immediately fully fertile. It is clear that, if a genetic mechanism which favours bivalent
formation (by suppressing meiotic irregularities which will reduce fertility) is indeed
present, it has not been evolved subsequent to polyploidy, but must already exist in the
genomes of the diploid parental species. It would be of interest to sow spores from
Wagner’s wild diploid hybrids P. munitum × P. dudleyi (= sterile P. californicum) and
P. munitum × P. mohrioides (= sterile P. scopulinum) to see if immediately fertile
tetraploid generations having regular diploidized meiosis similar to the fertile F2 from
P. × lonchitiforme can be raised.

Polystichum aculeatum, P. californicum and P. scopulinum are (because of the
incomplete differentiation between the genomes of their diploid progenitors) all of
undoubted segmental allopolyploid origin (Stebbins, 1947; 1950; Lovis, 1977). However,
P. aculeatum (and probably also the two North American tetraploids) has evolved in the
direction of genomic allopolyploidy in that it breeds true to its intermediate condition and
appears to segregate very little. It is recognizably intermediate between its original
parental species in external morphology, ecological preferences and geographical
distribution, and it is generally regarded to be genetically isolated from its progenitors
through the sterility of the back-cross hybrids, P. × bicknellii and P. × illyricum. However,
there is evidence that both these hybrids can be partially fertile (Vida & Reichstein, 1975).
The production of dyads (or unreduced diplospores) by P. × illyricum and the raising of
hexaploid plants by Vida & Reichstein (1975) have obvious relevance, not only to the
origin of P. setigerum (D. Wagner, 1979) but to the origin of P. aculeatum and the other
tetraploids. Large, round spores similar to those recorded in P. × illyricum and,
incidentally in a series of wild and synthetic diploid hybrids in Asplenium (Lovis, 1968b;
Lovis & Reichstein, 1968a; 1968b; Lovis, 1970), have been observed in the diploid P. ×
lonchitiforme, and their mode of formation is currently under investigation. Also relevant
to this discussion is the presumed formation and functioning of unreduced gametes that
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have been recorded in several different genera during the course of various experimental
hybridization programmes (Walker, 1962b; Emmott, 1964; Braithwaite, 1964b; Sleep,
1966; Gibby, 1977). In the present investigation several hybrids of the cross P. braunii

× P. acrostichoides proved to be not triploid, as expected, but tetraploid, and it is
suggested that these hybrids resulted from the functioning of an unreduced (i.e. diploid)
gamete from P. acrostichoides crossing with a normal (diploid) gamete from the
tetraploid P. braunii. Similar behaviour has been recorded in a wild hybrid P. braunii ×
P. acrostichoides collected by Coffin (Thompson & Coffin, 1940) and studied by
Morzenti (1962), who found it to be tetraploid. More recently Barrington (1986) has
examined other wild examples of P. braunii × P. acrostichoides which have proved to be
uniformly triploid. Although in the instances referred to above unreduced spores can
generally been found to result from meiotic irregularities during sporogenesis, Schneller
& Rasbach (1984) have reported the production of unreduced spores from spontaneously
polyploid tissue on the leaves of the diploid hybrid Athyrium distentifolium Tausch ex
Opiz × A. filix-femina (L.) Roth. Whatever the mechanism of formation of unreduced
spores, however, it is clear that the homoeologous pairing so widely observed in diploid
hybrids in Polystichum presents no barrier to chromosome doubling and to the production
of tetraploid progeny, whether in nature or in the laboratory.

This report of the widespread occurrence of homoeologous chromosome pairing in
Polystichum would be incomplete without some mention of Klekowski’s hypothesis that
homoeologous chromosomes are not only to be expected, but are generally present in
homosporous ferns because of the high levels of polyploidy encountered (Klekowski &
Baker, 1966), and that pairing between homoeologous chromosomes allows the release
of genetic variability in plants which would otherwise, because of their life-cycle, be
expected to produce homozygous sporophytes by habitual self-fertilization (Klekowski,
1973). Klekowski’s proposals have been discussed in some detail by Lovis (1977) and
by Walker (1979) and it is not necessary to reiterate their arguments here. Although both
genetic and cytological evidence of such behaviour has been adduced in Ceratopteris

(Hickok, 1978), recent research has shown that in many other groups of homosporous
pteridophytes genetic evidence is not compatible with Klekowski’s proposals, and data
obtained from enzyme electrophoresis indicate that homosporous ferns with high
chromosome numbers are diploid (e.g. Haufler, 1987). 

In conclusion, the origin of tetraploid P. aculeatum from two diploid progenitors,
P. lonchitis and P. setiferum, through hybridization and subsequent chromosome doubling
is confirmed through re-synthesis from both synthetic and wild diploid hybrids. However,
it is clearly shown that chromosome pairing in hybrids in the genus Polystichum does not
always follow the pattern found extensively in other genera (e.g. Asplenium, Dryopteris);
the significant levels of chromosome pairing discovered in some wide hybrid
combinations remain unexplained. 
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appendix

Origin of plants used in the hybridization programme and wild hybrids, with
confirmation of chromosome numbers.

Polystichum taxon Origin Collector Count

P. setiferum Istanbul, Turkey. n/a Diploid
P. setiferum Grümpeli, T.Reichstein Diploid

Rheinfelden, Aargau,
Switzerland

P. setiferum Gorge Chauderon, Sleep, AS/16 Diploid
Montreux, Vaud,
Switzerland

P. lonchitis Granite above Bains D. Bartley Diploid
de Tredos, Pyrenees, Spain

P. lonchitis Pont-de-Nant, Vaud, Sleep, AS/62 Diploid
Switzerland

P. lonchitis M-tele Piatra Criului, n/a
Romania

P. lonchitis British Columbia, Canada Stuart Holland Diploid
P. acrostichoides McClean Bog, Ithaca, USA H.G. Baker Diploid
P. acrostichoides Vermont, USA n/a Diploid
P. munitum North of Mohles, n/a Diploid

Oregon, USA
P. aculeatum Granite scree above Bains D. Bartley Tetraploid

de Tredos, Pyrenees, Spain
P. aculeatum Switzerland
P. braunii Switzerland
P. × lonchitiforme Goat’s Pass, Glenade, Sleep, AS/75/3 Diploid

Co. Leitrim, Ireland
P. × wirtgeni Val dei Molini, northern T. Reichstein Triploid

side of the Grigna, N. Italy TR 471
P. × luerssenii Krimml waterfall, Salzburg Sleep, AS/62/5 Tetraploid

Austria
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